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Abstract. Turbulence and zonal flow at a transport barrier are studied with
twin heavy ion beam probes in a toroidal helical plasma. A wavelet analysis
is used to extract turbulence properties, e. g., spectra of both density and
potential fluctuations, coherence and phase between them, and the dispersion
relation. Particle transport estimated from the fundamental characteristics is
found to clearly rise with their intermittent activities after the barrier is broken
down. The time-dependent analysis reveals that intermittency of turbulence is
correlated with evolution of stationary zonal flow.
Keywords; internal transport barrier, turbulence, zonal flow, particle flux, wavelet
analysis, heavy ion beam probes
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1. Introduction
Structural formation related to turbulence is ubiquitous in nature and the universe[1].
The examples include swirling pipe flow, accretion disks around back-holes, Jovian
belt and solar tachocline[2], as well as structure of laboratory plasmas. The research
oriented to realizing a fusion reactor has revealed that the turbulence governs transport
and often leads to structural bifurcation in toroidal plasmas.
The first demonstration of the bifurcation property was the H-mode in ASDEX[3],
being followed by findings of other bifurcated states, for example, families of edge and
internal transport barriers, and others[4]. The discoveries have stimulated interests in
transport and bifurcation mechanisms of toroidal plasmas. At present it is widely
known that the cause of the phenomena can be ascribed to relationship between
sheared radial electric field (or flow perpendicular to magnetic field) and turbulence.
Shear structure in radial electric field, that is possibly caused by a bifurcation (or
nonlinear) nature of mean flow [5, 6] or turbulent Reynolds stress[7], can control the
turbulence, transport, and resultant structure[8].
Recent simulation and theoretical works have suggested that the meso-scopic
structure, termed zonal flows[9, 10, 11, 12, 13, 14], should play an important role in
the structural formation in a toroidal plasma through a nonlinear interaction with
turbulence. The presence of stationary zonal flow, in fact, has been just confirmed
experimentally with dual heavy ion beam probes (HIBP) in Compact Helical System
(CHS)[15]. This trend means that the third element, zonal flow, is newly coming up
for physics of transport and structural formation in turbulent plasmas.
An internal transport barrier, that was found in CHS for the first time[16],
becomes common in toroidal helical plasmas[17, 18, 19]. In a recent CHS experiment,
the dual HIBPs succeeded to catch an exact moment of the back- transition. This
article reports the observation of turbulence properties at the barrier position, before
and after the transition, including mean electric field, and zonal flows. The resultant
particle flux is estimated with time-dependent manner using a wavelet analysis.
The analysis demonstrates a causal relationship between zonal flow component and
turbulence in the state with the transport barrier.
2. Experimental set-up and wavelet analysis
The stage of the experiments, CHS, is a toroidal helical device, of which the major
and averaged minor radii are R = 1 m and a = 0.2 m, respectively. Each of
the HIBPs is equipped with three channels that can observe the adjacent spatial
points of the plasma. The HIBP is a synthetic diagnostics to measure local density,
potential, (possibly magnetic field) and their fluctuations simultaneously[20, 21]. The
energy difference between the injected and detected beams corresponds to the plasma
potential at the ionization point. The fluctuation in detected beam intensity could
give information of local density fluctuation at the ionization point.
The target plasma for the experiments was sustained with electron cyclotron
resonance heating of ∼ 200 kW. The magnetic field strength of the discharges was
B = 0.88 T, and the density was constantly maintained at ne ' 5 × 1012cm−3. The
twin HIBP measurements were performed in the core region of the plasma, where the
electron temperature ( ∼ 1 keV) was sufficiently high for the ionization cross-section
to be insensitive to the temperature, and the electron density was sufficiently low to
neglect the integrated density fluctuation along the beam orbit. Therefore, the change
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in the current should mainly reflect the local density. The band-width of the amplifiers
to detect beam current was set to 250 kHz, corresponding to the Nyquist frequecy in
the sampling rate of 2 µs.
An analysis using the Morlet’s (or Milligen’s) wavelet[23] is performed on
the signals of the barrier in order to examine temporal evolution of turbulence-
driven particle flux. The wavelet is a natural extension of the traditional
Fourier transformation. The definition of the wavelet transformation is Φ(f, t) =√
f exp[i2pift − (ft)2/2], with F (f, t) = ∫∞−∞ f(τ)Φ(f, t − τ)dτ . The auto-power
and cross-power are calculated as Pauto(F ; f, t) = (2T )−1
∫ t+T
t−T F (f, τ)F
∗(f, τ)dτ and
Pcrs(F,G; f, t) = (2T )−1
∫ t+T
t−T F (f, τ)G
∗(f, τ)dτ , respectively. Hence, the calculated
power represents a temporal average in the period of 2T . Here, the period of the
window T is chosen to be 0.25 ms and the integral is simplified to summation of
discrete time τi in the actual analysis. The interval of neighboring ensembles, being
different from each frequency, is chosen as ∆τi = 1/2f . In the present analysis, the
wavelet spectra are calculated from 5 to 200 kHz in every 5 kHz. Note that the
uncertainty principle of ∆f∆t ∼ 1 gives a constraint on the resolution of time and
freqeuncny.
3. Difference of fluctuation characteristics before and after transition
Figure 1 shows the discharge to exhibit transition from the state with a barrier to the
one without the barrier; here we refer to the former and the latter as H- and L-phase,
respectively. The solid lines represent the potential waveforms of the center channels
of the two HIBPs. The observation point of the first HIBP is located by ∼ 1.5 cm
inside the barrier, while the observation point of the second HIBP is located at the
exact barrier foot-point (r=6.4 cm/ρ = 0.34). The first HIBP potential clearly shows
transition at t = 71.3 ms, that evolves in a time scale of less than a hundred micro
seconds due to neoclassical characteristics[22]. On the other hand, the other potential
at the barrier shows no significant change.
Figure 2a shows the ensemble-averaged wavelet spectra for the windows for L-
and H- phases. The increase in the fluctuation power in the L-phase is clear in both
density and potential, particularly in the frequency from ∼ 50 to ∼ 100 kHz. It has
been already known that the fluctuation reduction at the barrier should result from the
E ×B-shearing caused by the neoclassical bifurcation of radial electric field[16]. The
attached bars represent the degree of temporal variation, or the standard deviation
of power density. For comparison, the spectra using the Fast Fourier Transformation
(FFT) are shown by the thin solid lines. These two spectra show a practically good
agreement, although the base of the wavelet is not orthogonal.
Figure 2b shows the ensemble averages of the phase and coherence between density
and potential fluctuations for the L- and H-phases. Here, the phase difference and
coherence are evaluated from the cross-spectrum in a time-dependent manner. The
phase θ(n, φ; t) and coherence γ(n, φ; t) are obtained from the relations, Pcrs(n, φ; t) =
|Pcrs(n, φ; t)|eiθ(n,φ;t) and γ(n, φ; t) = |Pcrs(n, φ; t)|/
√
Pauto(n; t)Pauto(φ, t). The bars
in Fig. 2b represent the standard deviation of the phase and coherence. In both
states, the phase increases monotonically below ∼ 50 kHz, and becomes a constant
value above ∼ 50 kHz. Here, the positive phase shift means that potential fluctuation
is ahead of density fluctuation by ∼ pi/2, indicating interchange-like characteristics.
The coherence shows a high value (> 0.4) in the frequency below ∼ 150 kHz.
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In the measurements of HIBP, the wave number can be evaluated by dividing the
phase difference of adjacent observation points by their distance of ∼ 5 mm. Figure
3 shows the ensemble-averaged coherence and dispersion obtained from adjacent
potential signals of center and inner channels for both phases. In both phases, the
wave number increases below ∼ 120 kHz. The positive phase difference signifies that
the wave should propagate in the electron diamagnetic direction for the L- and H-
phases. Above ∼ 120 kHz, the coherence should be too low to estimate significant
phase difference. The uncertainty of the wave number in the frequency range, however,
gives an error of less than 1% to the total absolute particle flux, owing to negligible
fluctuation power in the frequency range.
The particle flux density can be calculated in the form of dΓturb(f, t)/df =
B−1k(f, t)Im(Pcrs(n, φ; t)) = B−1k(f, t)
√
Pn(f, t)Pφ(f, t)γ(f, t) sin δ(f, t), where Im
and k(f) mean the extraction of the imaginary part and the wave number, respectively.
The formula is an extension of particle flux estimation using the traditional Fourier
analysis[24]. Figure 4a shows an image plot of particle flux density, particle flux density
at 60 kHz and the total particle flux integrated over all frequency up to 200 kHz. These
signals show intermittent bursts[25, 26], and the averaged value and intensity of the
bursts increase in L-phase. The ordinary bursts orient radially outward or poloidally in
the ion diamagnetic direction, while occasional bursts occur in the opposite direction.
The image plot indicates that the particle flux density from ∼ 50 kHz to ∼ 100 kHz
has the most dominant contribution to the particle transport in both L- and H-phases.
In Fig. 4b, probability density functions (PDF) are plotted to characterize the
intermittent activity of the estimated particle fluxes in L- and H-phases. Table 1
shows the moments of the PDFs; average (µ), variance (σ), skewness (S), and kurtosis
(K). Obviously, the average and variance manifest the increases in transport and
burst intensity in L-phase, respectively. Besides, the enhancement in skewness and
kurtosis in the L-phase indicates a deviation of particle transport from the Gaussian
characteristics (S = 0 and K = 3) or nonlinear activity increases in the L-phase.
4. Correlation between zonal flow and turbulence
Similarly to the previous identification of zonal flow, the twin HIBPs system confirmed
quite high coherence (∼ 0.7) between electric fields at two toroidal locations in the
frequency below ∼ 1 kHz for L- and H-phases in the present series of discharges.
Figure 5 shows a comparison between temporal patterns of the particle flux density
(a part of Fig. 4a) and the zonal flow or low pass filtered potential difference between
the inner and center channels[15]. Obviously, the zonal flow amplitude decreases after
the transition. The real electric field (or flow velocity) can be estimated from the
potential difference divided by channel separation (∼ 5 mm). Here, the positive value
means that the zonal flow increases in ion diamagnetic direction, in other words, total
flow intensity increases since the mean flow is in the ion diamagnetic direction (electric
field is positive).
An important finding from the comparison is that similar activities could be
seen in the patterns of zonal flow and particle flux density. In order to quantify the
correlation of turbulence and zonal flow, the wavelet spectra are evaluated for periods
discriminated by the phase of the zonal flow. Figure 5b shows the density and potential
spectra obtained in the above manner for the H-phase, since the larger amplitude of
zonal flow in the H-phase easily differentiate the phase of zonal flow. Around ∼ 50
kHz and ∼ 120 kHz, the fluctuation power in the minimum phase of zonal flow is
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stronger than that in the maximum phase of zonal flow. In addition, the power at the
intermediate (or zero) phase shows the mean value of the two. The result, therefore,
substantiates a causal relationship between zonal flow and the turbulence.
5. Discussion and Summary
Several processes can be counted up to explain the causal link between the turbulence
and zonal flow[9]; i) quasi-energy conservation between turbulence and zonal flow, ii)
shearing of zonal flow on the turbulence, and iii) turbulent wave trapping of zonal flows.
If the turbulent waves are trapped in a zonal flow valley, the turbulence structure
should move together with a change in a local pattern of zonal flow. The present
experimental accuracy, however, cannot distinguish which process is most dominant
to cause such a relationship, since two point measurements of electric field is too coarse
to deduce the detailed structure of zonal flow and the incident shearing rate.
In summary, temporal behaviors in turbulence and resultant particle flux are
successfully evaluated using a wavelet analysis at the barrier foot-point in the states
with and without a transport barrier. The analysis shows the following points; i) the
turbulence, resultant transport and their intermittency increase after the transport
barrier is broken down, ii) the turbulence of 50− 100 kHz is the major fluctuation to
drive particle transport in both states. iii) the enhanced transport without a barrier
can be ascribed to an increase in fluctuation power in this frequency range, since the
dispersion relation and the phase between density and potential fluctuations show no
significant change. Finally, in the state with the barrier it is confirmed that the zonal
flow should really give an impact on or modulation of turbulence and turbulence-driven
flux density through a causal link. The observation is the first experimental evidence
to verify a relationship of stationary zonal flow with the turbulence and resultant
transport.
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Figure 1. Transition in potential measured with heavy ion beam probes. A
potential signal inside the barrier shows an exact time of back-transition. The
other signal is the potential exactly at a barrier foot-point, ρ ∼ 0.34. The
waveform around the transition is roughly expressed as φ ∼ tanh[(t − t0)/α]
with t0 = 71.3 ms and α = 0.2 ms.
Figure 2. (a) Ensemble-averaged wavelet spectra of density and potential
fluctuations in L- and H-phases. (b) Coherence and phase between density and
potential fluctuations in L- and H-phases.
Figure 3. Dispersion relationship and coherence etimated from the phase
difference between potential fluctuations of adjacent two channels.
Figure 4. (a) An image plot of temporal evolution of estimated particle flux
density, the waveforms of a particle flux density at 60 kHz and the total particle
flux. (b) Probability density functions of total flux and flux density at 60 kHz.
Here, the flux and the flux density are normalized by 1 × 1020m−2s−1. and
1× 1016m−2, respectively.
Figure 5. A causal relationship between turbulence and zonal flow. (a) Temporal
evolution of zonal flows with an image plot of particle flux (a portion of Fig. 4a
for the range of 30− 110 kHz). (b) Density and (c) potential fluctuation spectra
in the time windows discriminated by zonal flow phase; i. e., maxima, zero and
minima.
Table 1. Characteristic values of PDFs for total particle flux and flux density at
60 kHz for L- and H-phases; µ, σ, S and K represent average, variance, skewness,
and kurtosis, respectively. Here, µ andσ are normalized by 1× 1020m−2s−1 and
1× 1016m−2 for the total particle flux and the particle density, respectively.
µ σ S K
H-phase (total) 0.13 0.21 0.20 4.5
L-phase (total) 0.75 0.57 0.48 6.3
H-phase (60 kHz) 0.045 0.05 0.51 5.1
L-phase (60 kHz) 0.17 0.20 0.85 7.2
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